Ion-lithium collision dynamics studied with an in-ring MOTReMi 
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We present a novel experimental tool allowing for kinematically complete studies of break-up 
processes of laser-cooled atoms. This apparatus, the 'MOTReMi', is a combination of a magneto- 
optical trap (MOT) and a Reaction Microscope (ReMi). Operated in an ion-storage ring, the 
new setup enables to study the dynamics in swift ion-atom collisions on an unprecedented level of 
precision and detail. In first experiments on collisions with 1.5 MeV/amu 0*"^-Li the pure ionization 
of the valence electron as well as ionization-excitation of the lithium target has been investigated. 

PACS numbers: 34.50.Fa, 37.10.-x 
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The description of the motion of few mutually interact- 
ing particles is one of the most fundamental and, at the 
same time, challenging tasks in physics. Break-up pro- 
cesses of atomic and molecular systems due to charged 
particle impact or photon absorption provide a very well 
suited testing ground for studying the dynamics of such 
correlated few-particle systems. Even though the under- 
lying force, the electro-magnetic interaction, is well un- 
derstood, the solution to the equations of motion is by 
no means trivial. Only recently it became possible to 
accurately predict differential cross sections of many ba- 
sic systems, such as electron impact ionization of atomic 
hydrogen [H or photo double ionization of helium [2- 
yj. Here, impressive agreement to experimental data has 
been achieved. 

For ion-impact, however, the situation is in many re- 
spects more complex. On the one hand, even though 
significant progress has been made 0-0]' theoreti- 
cal tools to describe ion-atom collisions are not as suc- 
cessful as for electron or photon impact. Even for the 
presumably simplest collision systems at least quantita- 
tive discrepancies between experiment and essentially all 
theoretical models remain Q. On the other hand, ions 
are in many respects a much more versatile projectile 
species than electrons or photons. Interaction strengths 
can be varied from a photon-like perturbative regime to 
a strongly non-perturbative region at extremely small ve- 
locities which for electrons would bring the collision en- 
ergy below the ionization threshold. Interaction times 
from femtoseconds down to zeptoseconds in relativistic 
collisions can be realized corresponding to the shortest 
electro-magnetic pulses that to date are accessible in lab- 
oratories. Thus, ion collisions provide also benchmarks 
for theoretical models in very 'exotic' situations. 



From an experimental perspective the investigation of 
ion-atom collision dynamics represents a major challenge, 
too. Due to the large mass of the projectiles, their rel- 
ative momentum change in the collision is often immea- 
surably small. As a result, for swift ionizing collisions, 
kinematically complete experiments only became feasible 
with the development of 'Reaction Microscopes', often 
referred to as 'cold target recoil ion momentum spec- 
troscopy' (COLTRIMS), which enable the measurement 
of the three-dimensional momentum vectors of recoiling 
target ions and electrons in coincidence [l^l ■ For al- 
most two decades, this technique has been extensively ap- 
plied to investigate e. g. s ing le |i|nl[il, double [lllil, 
and triple ionization Il5i. mutual ionization of the pro- 
jectile and the target [la, charge transfer 
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or simultaneous transfer and ionization [2 
fully differential cross sections became accessible which 
represent the most stringent test of theoretical models. 

The accurate measurement of the coUisionally induced 
recoil of the target ion requires thermal momenta that 
are relatively small. In most earlier experiments, rare gas 
atoms or molecular gases have been used as targets, be- 
cause these gases can efficiently be cooled to the required 
temperatures of about 1 K or below, taking advantage of 
supersonic expansion in gasjet targets. In few measure- 
ments also atomic hydrogen was used [22j, though the 
dissociation of the molecules, e.g. by means of microwave 
fields, is intrinsically connected to a heating of the target 
which, in turn, limits the achievable resolution. 

Laser-cooling in magneto-optical traps (MOT) has also 
been employed for the preparation of alkaline metal tar- 
gets in several so-called MOTRIMS setups In 
these experiments the momentum resolution for the re- 
coil ions is no longer limited by the target temperature 
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laser beams 

FIG. 1. (Color orrlirre) The MOTReMi apparatus. 



which is typicahy about three orders of magnitude lower 
than for gasjet targets. However, so far kinematically 
complete studies of ionizing collisions have not been pos- 
sible as inhomogeneous magnetic fields, required for the 
trapping in the MOT, hampered the momentum resolved 
electron detection. All attempts to overcome this diffi- 
culty failed due to slowly decaying eddy currents in the 
vicinity of the electron trajectories. To date, there is 
no fully-functional Reaction Microscope equipped with a 
MOT target reported in the literature. 

In this letter we report on the first realization of a 
MOTReMi, i.e. a Reaction Microscope with a magneto- 
optically trapped target. In the present case lithium is 
used as target which recently gained theoretical inter- 
est 3^ 31 1, because it represents the next step in com- 
plexity after helium. Moreover, lithium is particularly 
interesting for its - in terms of electronic correlation - 



asymmetric structure with only one valence electron and 
two strongly correlated K-shell electrons. In first exper- 
iments performed at the ion storage ring TSR in Hei- 
delberg, the achieved momentum resolution was signifi- 
cantly improved compared to earlier studies with gasjet 
targets. The electron cooling technique employed in the 
TSR allows for coherent projectile beams which recently 
were proofed to be of crucial importance for the compari- 
son of experimental data to quantum-mechanical models 
32l [33|. Thus, the unique combination of these three 
experimental techniques - Reaction Microscope, MOT, 
and ion storage ring - represents an acutely powerful ex- 
perimental tool for the study of few-particle Coulomb- 
dynamics in fast ion-atom collisions with a hitherto un- 
reachable level of precision and detail. 

The MOTReMi has to meet essentially three require- 
ments that are indispensable for the optimal operation of 
these seemingly incompatible technologies: First, as in all 
COLTRIMS apparatuses, the geometry of the spectrome- 
ter should be designed to minimize electrical fringe fields. 
The momentum determination in Reaction Microscopes 
is based on the accurate measurement of time-of-fiights 
and positions of recoil ions and electrons that are ex- 



tracted by a weak electric field. Any distortions of this 
field might affect the resolution. 

Second, the MOT magnetic coils should be kept small. 
These coils are used to generate magnetic field gradients 
at the target position that are needed to trap the target 
atoms. A small spatial extension of the magnetic fields is 
desirable to allow for a fast switching which is, as will be 
detailed below, a crucial prerequisite for the momentum 
resolved detection of electrons. 

Third, a large opening for the projectiles of up to 
100 mm horizontally and 70 mm vertically is required due 
to large projectile beam sizes directly after the ion injec- 
tion in the storage ring. Not until 1 s after the injection, 
the projectile beam size will shrink due to electron cool- 
ing to a diameter of roughly 1 mm. 

The design of the MOTReMi is illustrated in Fig. [H 
The electric extraction field is generated by means of ring 
electrodes which are distributed over a length of 84 cm 
symmetrically to the reaction region. The spectrometer 
is vertically inclined by 8° with respect to the projectile 
beam direction and it tapers towards its center in order to 
simultaneously provide a large aperture for the ion beam 
and permit small MOT coils close to the target position. 
The smallest coil size is realized in the coaxial config- 
uration with the spectrometer. The position sensitive 
particles detectors are centered with respect to the spec- 
trometer axis. In order to increase the opening for the 
ion beam during injection, both detectors can be moved 
away from the beam axis by means of manipulators. 

The cooling and trapping of the target requires three 
orthogonal pairs of counter-propagating laser beams, two 
of which are directed perpendicular to the spectrometer 
axis through a gap between the two innermost ring elec- 
trodes. In conventional MOTs the third pair of laser 
beams is oriented coaxial to the coils, however, in the 
present setup this direction is blocked by the particle de- 
tectors. Here, the laser beams are tilted by 12°. 

The main difficulty of the adoption of laser cooling 
in Reaction Microscopes is the rapid switch-off of the 
MOT magnetic field. In order to allow for a momen- 
tum resolved electron detection, the fluctuations of the 
magnetic field should not exceed about 10 mG. Because 
at zero field the cloud of trapped atoms expands very 
rapidly, the actual measurement should take place within 
a few milliseconds after the switch-off in order to main- 
tain sufficient target density. This means, magnetic field 
decay times well below 1 ms are required. 

Such a switching performance is difficult to achieve, 
because induced fields generated by eddy currents decay 
on time scales of several milliseconds. To overcome these 
difficulties, several techniques have been developed, tak- 
ing advantage of compensating current wave form s 13411 or 
oscillating magnetic fields in a so-called 'ac MOT' [35| . In 
the present setup we use a new and very simple approach 
which avoids eddy currents e.g. in the walls of the vacuum 
chamber by keeping the MOT magnetic field spatially as 
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confined as possible. Tliis is realized by keeping the over- 
all size of the coils small and by employing a second pair 
of anti-Helmholtz coils which is slightly larger than the 
MOT coils and with an opposing current. These compen- 
sation coils efficiently reduce the range of the magnetic 
field without affecting the trapping efficiency, which relies 
on the magnetic field gradients in a rather small region 
around the trap position. Compared to an earlier setup 
(28| . in the present case the magnetic field strength at 
the walls of the vacuum chamber are reduced by two or- 
ders of magnitude keeping the same field gradients in the 
center of the MOT. 

Another complication for the operation of the MOT 
arises from the use of a homogeneous magnetic field in the 
Reaction Microscope. This field is oriented parallel to the 
spectrometer axis and it increases the transverse momen- 
tum acceptance for the electrons. In conventional MOTs 
the atoms are cooled with circularly polarized light in 
a cr+-(T~ configuration and are trapped at the position 
of the zero crossing of the magnetic field. The superpo- 
sition of the Reaction Microscope's magnetic field with 
the MOT field causes a displacement of the point of zero 
field resulting in a shift of the target position along the 
spectrometer axis. Moreover, during the decay time of 
the MOT field, this shift even increases. It is therefore 
problematic to keep the cooling beams on and maintain 
optical molasses during magnetic field changes. In the 
present setup we avoid this problem by using linearly 
polarized light for cooling the target along the spectrom- 
eter axis. In this configuration, trapping still takes place 
(sij though the trapping position along this axis is largely 
independent on the magnetic field. 

The current of the MOT coils is switched by means 
of MOSFETs. In standard operation, the field was en- 
abled for 4 ms per cycle with gradients of about 10 G/ cm 
and 5G/cm in the axial and radial directions, respec- 
tively. Leaving the current switched off for 1.3 ms a re- 
capture efficiency of close to 100 % was achieved, i.e. the 
MOT featured a lifetime of several seconds even with- 
out reloading from our 2D-M0T beam source (similar to 
the one described in (s^l). About 500/is after the switch- 
off, no significant effect of stray magnetic fields on the 
electron momentum resolution was observed. The actual 
measurement took place during a period of 800 /is/cycle. 
This corresponds to an overall duty-cycle of about 15 %. 
Optionally, the cooling laser beams were turned off dur- 
ing the measurement period in order to provide 100 % 
ground state population of the target. 

The MOTRcMi was commissioned using a pulsed 
266 nm Microchip laser. At this wavelength {Ej = 
4.65 eV), lithium can be ionized with an excess energy of 
1.1 eV from the excited 2^P3/2 state which is populated 
in the cooling transition. This allows one to accurately 
determine the resolution and momentum calibration. For 
the standard configuration with symmetric spectrometer 
potentials between 9V and -9V we obtained a momen- 
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FIG. 2. (Color online) (a) Cross sections of single ionization 
in 1.5Mev/u 0*"''-Li collisions as a function of the Q-value 
and the projectile scattering angle ^p. (b) da/dEc of the 
same collision system for pure 2s ionization (solid squares) and 
ionization-excitation (open circles). The curves are CDW-EIS 
results for 2s (solid line) and Is (dashed line) ionization. In 
the shaded range a significant fraction of the electrons is not 
detected due to acceptance limitations. 



turn resolution along the extraction direction of 0.02 and 

0. 06 a. u. for electrons and recoil ions, respectively. In the 
perpendicular direction the resolution was about 0.1 a. u. 
for both. For weaker electric fields, significantly better 
resolutions were attainable at the expense of smaller elec- 
tron energy acceptance. The magnetic field strength of 
the Reaction Microscope was about 8 G resulting in a 
transverse electron energy acceptance of 20 eV. 

In the maiden experiment, single ionization of lithium 
in collisions with 1.5 MeV/u O®"*" was investigated in the 
ion storage ring TSR. The Q- value of each collision event, 

1. e. its inelasticity, was calculated hy Q = E(. — q\\ ■ vp 
exploiting energy and momentum conservation (gy : lon- 
gitudinal momentum transfer, vp: projectile velocity, Ee'. 
final electron kinetic energy). In Fig. [2](a) the cross sec- 
tion is plotted as a function of the Q-value and the pro- 
jectile scattering angle 9p. The attained resolution for 9p 
is smaller than 0.5 /Ltrad which is a factor of 3 to 4 better 
than it would be achievable with standard Reaction Mi- 
croscopes. The recorded Q- value spectrum features two 
well-separated peaks . The dominant one centers at the 
ionization potential of the 2s state (— 5.4eV) and corre- 
sponds to the ejection of L-shell electrons. The second 
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one is shifted to about — 65eV and represents ionization 
events where the Li"*" ion remains finaUy in an excited 
state nl (n > 2). 

The single differential cross sections da/dEg of the two 
reaction channels are plotted in Fig. [2](b) and compared 
to a CDW-EIS model using one-electron Hartree-Fock 
wave functions. The experimental data are normalized 
to the calculated 2s ionization cross section at zero elec- 
tron energy. In both experimental distributions a sudden 
change of slope is observed at = 20 eV which is due to 
the limited acceptance of the spectrometer in the direc- 
tion perpendicular to the spectrometer axis. In principle, 
the acceptance for electrons emitted in the backward di- 
rection is restricted to even lower energies (with the cho- 
sen spectrometer voltages the limit is at 9eV). However, 
for such large perturbations as in the present collision 
system {Zp/vp = 1.0 a. u.) the electrons are focused in 
the forward direction due to the post collision interac- 
tion, and already at lower energies the contribution of 
backwards ejected electrons becomes insignificant. 

For L-shell ionization, the measured cross section drops 
slightly faster than the theoretical curve, but overall 
there is fair agreement. In the second reaction chan- 
nel, the excitation of the Li+ recoil ions can occur due 
to several mechanisms. The simplest one corresponds to 
the emission of a K-shell electron through the interaction 
with the projectile while the valence electron remains un- 
affected as a spectator. This process is calculated with 
our model and shown in the graph. Here, only poor 
agreement between theory and experiment is achieved, 
in shape as well as in relative magnitude. In particular 
for electron energies below 10 eV the model considerably 
underestimates the cross section. 

In the effective one-electron model used above, some 
important aspects are neglected. First, due to the large 
binding energy of the K-shell electron, the ionization pro- 
cess takes place only for relatively close collisions. It 
seems likely, that in such close collisions the valence elec- 
tron, whose ionization potential is more than ten times 
smaller, is ejected, too. This means, that the ioniza- 
tion of the Is electron will often result in double ion- 
ization which, in turn, would even increase the observed 
discrepancies. In a second two-electron mechanism not 
considered in the model, the inner-shell electron is pro- 
moted to an excited state in the target. This excita- 
tion is also expected to occur in close collisions, which 
again likely will result in the emission of the valence elec- 
tron. Thereby, the inner-shell excitation will effectively 
contribute to single ionization and explain the observed 
discrepancies. This gives an indication that the simul- 
taneous excitation and ionization is a prominent, if not 
the dominant, process resulting in the excitation of the 
lithium ions as observed in the experiment. 

The simultaneous excitation and ionization of helium 
in electron collisions has been the subject of many earlier 
experimental 38, 3^ as well as theoretical investigations 



[40|,|41|. For ion impact, onl y to tal cross sections for this 
process have been obtained [42|. In these earlier studies, 
ionization-excitation was mainly considered to be a sen- 
sitive probe for the correlation between the two electrons 
in the helium target. However, in the present case the 
situation is rather different. On the one hand, the exci- 
tation and ionization of lithium can hardly be assigned 
to the interaction between the two active electrons, be- 
cause here the correlation is much weaker than for the two 
ground state electrons in helium. On the other hand, due 
to the large perturbation in the present collision system, 
ionization plus excitation is much more likely to proceed 
through a higher-order process involving at least two in- 
dependent interactions with the projectile. 

The important role of this independent higher-order 
channel leads to some interesting insight to be gained 
from the data. First, studying the electron ejection from 
the valence shell, the excitation process restricts the col- 
lision to small impact parameters, but should otherwise 
not affect the electron emission characteristics. In other 
words, the electron emission pattern of this process cor- 
responds to an impact-parameter selective cross section 
for the 2s ionization. Second, concentrating on the exci- 
tation process, the ejection of the loosely-bound electron 
only serves as 'marker' for the target atom to be able 
to use the COLTRIMS technique that is not applicable 
for neutral particles. This way, differential data on tar- 
get excitation becomes accessible, e.g. in the projectile 
scattering angle, which can be measured by other means 
only for much smaller collision energies and with lower 
resolution [43 1. 

In conclusion we have reported on the first successful 
operation of a MOTRcMi. The inherent difficulties re- 
lated to the magnetic field switching have been solved by 
using special configurations of the MOT magnetic field as 
well as the cooling laser polarizations. As a result, a new 
experimental tool is provided which enables the kinemat- 
ically complete study of atomic fragmentation processes 
in essentially all conceivable kinds of collisions involv- 
ing ions, electrons, photons, or strong fields from pulsed 
lasers or FEL facilities. Compared to conventional Reac- 
tion Microscopes, the new technique offers significantly 
higher resolutions due to much lower target tempera- 
tures. Moreover, it makes alkaline metal atoms acces- 
sible for collision experiments which are interesting for 
the simple structure having one optically active electron. 

In the inaugural experiment of the MOTReMi, sin- 
gle ionization as well as ionization-excitation in 1.5 Me V 
0*+-lithium was studied. Due to the weak initial state 
correlation between the inner and outer shell electrons, 
the latter process provides new insights into the dynam- 
ics of both the electron ejection process as well as the 
collisionally induced excitation of the atomic target. 
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